We have separately attached the two complementary strands of one end of a DNA double helix to a glass slide and a glass microneedle. Displacing the slide away from the needle, the molecule is progressively pulled open and the changing deflection of the needle gives the corresponding variation in the opening force. Force signals which are very rich in detail are reproducibly obtained. The average level and amplitude of the force signal is almost independent of the opening velocity in the interval 20 nm/s to 800 nm/s. A theoretical description based on the assumption of thermal equilibrium allows us to link the measured force curves to the genomic sequence of the DNA. A molecular stick-slip motion is revealed, which in contrast to the dynamics of macroscopic solid friction is a deterministic and reproducible process. This process is considered experimentally and theoretically.
I. INTRODUCTION
Throughout the last years, the field of force measurements on biomolecules has become increasingly active. Atomic force microscopes ͑AFM͒ ͓1,2͔, optical tweezers ͓3-5͔, and glass microneedles ͓6,7͔ have been employed to study the intermolecular and intramolecular interaction forces, which for biological systems span a typical range from 10 Ϫ14 to 10 Ϫ9 N. For example, force versus extension relations of single stranded ͑SS͒ DNA ͓8͔, double stranded ͑DS͒ DNA ͓7,9,10͔, and the muscle protein titin ͓11-13͔ have been experimentally determined. Forces corresponding to the rupture of ligand receptor complexes ͓14,15͔ and short DSoligonucleotide sequences ͓16,17͔ have been investigated by AFM. We have recently measured the forces opposing mechanical unzippering of a long DS-DNA molecule ͓18,19͔. This article contains a comprehensive discussion of the physics governing such a process of DNA strand separation by a mechanical constraint. In Sec. II we present the experimental configuration, experimental results on the dependence of the force curves on the opening velocity, and a statistical analysis of the data in terms of correlation functions. Section III is devoted to the theoretical description of the measurements. The process of molecular stick slip is considered in detail in Sec. IV. Section V contains a discussion of our results in relation to published work.
II. EXPERIMENTS
In the first part of this section, we briefly explain the sample preparation steps and the force measurement technique. A more detailed description can be found in ͓19͔. Figure 1 illustrates the experimental configuration. The two strands on one end of a DS-DNA molecule ͑phage , contour length 16.2 m, known sequence of 48 502 base pairs͒ are separately attached to a glass slide ͑via a second DS-DNA serving as linker arm͒ and a bead. Single strand segments of complementary ͑but not identical͒ 12 base sequences are present at the opposite ends of a linearized molecule of phage DNA. This allows us to selectively address each of the four single strand ends of the double helix by covalently binding different oligonucleotides ͑short synthetic SS-DNA molecules͒. The preparation of the molecular construction is done sequentially using commercial oligonucleotides and -phage DNA. Employing well known techniques of molecular biology ͑annealing of complementary sequences followed by ligation that gives a covalent linkage͒, we attach a digoxigenin ͑dig͒ functionalized oligonucleotide to the linker arm DNA (A) and a biotin-functionalized oligonucleotide to the DNA to be opened (B) . A molar excess of 10:1 is used in order to displace the chemical reaction from multimer formation to the formation of the DNAoligonucleotide construction. Subsequently the two DNA molecules are linked using a third oligonucleotide containing a sequence complementary to the second end of the linker arm DNA and a sequence complementary to the biotinfunctionalized oligonucleotide (C). The solution containing the molecular construction is purified with a commercial spin column ͑Amicon 100, separation and removal of the low molecular weight oligonucleotides from the high molecular weight DNA͒ and deposited on a glass microscope slide. The glass slide has been coated with antibodies against digoxigenin ͑antidig͒ and specifically anchors the molecular construction through dig-antidig bonding (A). Afterwards streptavidin coated paramagnetic polysterene beads ͑Dyna, diameter 2.9 m) are introduced and react with the biotinylated end of the molecular construction. This sample is placed on an inverted microscope. Acting with a weak mag-FIG. 1. Schematic view of the molecular construction and the experimental configuration used to unzip a DNA double helix by a mechanical constraint. netic field, each correctly attached bead moves around a single anchoring point with a tethering length of about 16 m given by the linker arm DNA. The tip of a biotin functionalized glass microneedle is attached by simply touching such a bead.
The experiments are performed in a solution with nearly physiological salt concentrations ͑phosphate buffer saline PBS at pH7, 10 mM phosphate, 150 mM NaCl͒. Keeping the base of the lever fixed, the DNA helix is forced open by a lateral displacement x 0 of the microscope slide with a piezo translation stage. A change in the lever deflection x below 0.1 m can be resolved which corresponds to a force resolution better than 0.2 pN. This is achieved off line, by analyzing a video tape of the microscope image recorded during the opening experiment. A video line crossing the bead is sampled with a constant rate of five or 12 times per second. Each line is converted to a computer file consisting of 640 pixels with 256 gray levels. The resulting numerical spatiotemporal image is low-pass filtered and the bead position is extracted by a thresholding procedure on the black/white contrast of the bead. The filter reduces shot noise caused by mechanical vibrations but does not affect the force signal occurring at lower frequency.
All the data presented in this paper are obtained with a single glass microneedle. This force lever has been prepared with a commercial pipette puller and has about the following dimensions: tip diameter 1 m, shank diameter 1 mm, tapered length 1 cm. The stiffness of the lever is calibrated with the described setup of the force measurements, but without DNA in the solution. A paramagnetic bead is attached to the lever, then a strong magnet is approached and the lever deflection is measured. Afterwards the bead is detached from the lever with a second microneedle and its acceleration towards the magnet is measured under stroboscopic illumination. Relating the two measurements by the Stokes law of viscous friction we obtain the lever stiffness of k lev ϭ1.7 (Ϯ0.2)pN/m.
It is possible to perform several cycles of opening and closing on the same molecule, by repeatedly increasing and decreasing the sample displacement x 0 . During closing sometimes important drops occur in the measured force which we tentatively attribute to a transient delay of the recombination of the single strands. These drops become less frequent and less important in amplitude at smaller displacement velocities. The force signals collected upon opening the molecular construction are reproducible to a high degree of detail, as we will discuss later in this section.
In Fig. 2 a series of force versus displacement curves, corresponding to repeatedly opening the same molecule with different translation velocity, is shown. During the process of DNA strand separation a characteristic force variation between 10 and 15 pN is observed. The gross features of this variation reflect the content of the stronger G-C pairs in comparison to the weaker A-T pairs, while at a finer scale the signal is influenced by the process of molecular stick slip, as discussed in Sec. IV. The bottom curve of Fig. 2 is a calculation based on the hypothesis of thermal equilibrium, as described in Sec. III. It may therefore be considered as a theoretical result corresponding to the limit of zero displacement velocity. With increasing displacement velocity, the number of details in the measured force curves decreases. At 800 nm/s, there is a small additional deflection which is probably caused by hydrodynamic drag of the lever.
For quantitative comparison of different force curves, we define a correlation function g(⌬) by
where ͗ ͘ x Ј stands for an integration over a finite interval (a,b) of displacement; i.e.,
In the inset of Fig. 3 , we present an autocorrelation function ( f 1 ϭ f 2 ) calculated from a measured force curve for the interval 20ϽxЈϽ30 m in displacement. The autocorrelation function exhibits one prominent peak of unity height at zero shift ⌬. The full width at half maximum ͑FWHM͒ of the peak is a measure of the characteristic size in x 0 of the structures in the force curve. As shown in Fig. 3 , this FWHM decreases with the translation velocity and shows a tendency of saturation at low velocities. The FWHM of the autocorrelation peak of the calculated force curve is shown as a dotted line. The decrease of the FWHM with the displacement velocity and the tendency of saturation to a value close to the theoretical result ͑corresponding to zero velocity͒ suggest that the experimental conditions correspond to a close to equilibrium situation. This contrasts to the situation encountered in AFM measurements of bond breaking where the measured forces are found to increase sizably with the displacement velocity ͓14͔. This point is further discussed in Sec. V.
When the correlation function of two different force versus displacement curves is calculated with Eq. ͑1͒, the peak height is below one and measures the agreement between f 1 and f 2 . As exemplified in Fig. 4 , we find peak heights in excess of 0.7 at the lowest displacement velocities, between curves measured on the same or different molecules. The peak values decrease and the FWHM increase with increasing velocity of displacement. Highest resolution and reproducibility is obtained at the smallest velocity of 20 nm/s.
Let us briefly consider the remaining uncertainties in the measurements. The data are collected at room temperature. The corresponding variation in the liquid buffer temperature is below Ϯ5°C, which is too small to induce sizable effects. Since the sample is not covered, evaporation can occur during a measurement leading to a gradual rise in the salt content. We add H 2 O to the sample between individual measurements but a variation in the salt content of about 20-40 % remains possible. However, for a variation of this size we observe no noticeable changes in the force curves. There is a lateral drift of the sample with respect to the force lever of typically 1 m over 10 min. We systematically determine the corresponding error by a comparison of the lever positions just before and after the measurement and correct the force curve assuming a constant drift velocity. The experimental results presented in this paper are obtained with a single force lever, which avoids relative errors between different recordings. Only small uncertainties may arise from weak torsion of the lever which can depend on the exact position of the bead on the lever and couple to the measured deflection. At the lowest displacement velocities the reproducibility of the experimental results appears to be limited by mechanical perturbations.
III. THEORETICAL DESCRIPTION
We have developed a theoretical description for the unzippering of DS-DNA by a mechanical constraint. It is based on the interplay of the following four energies within the frame of equilibrium statistical mechanics.
The first energy, called E DNA ( j), describes the work necessary to separate the two single strands of the DNA double helix from the base pair of index 1 to the base pair of index j. Specifically, it includes the contributions of the unpairing, the unstacking, and the rearrangement of the bases. The two elementary pairings in DNA are the G-C and A-T base pairs of Watson and Crick. As a G-C pair is formed through three hydrogen bonds while an A-T one involves only two hydrogen bonds, E DNA ( j) acquires a dependence on the genomic sequence of the DNA under study. To date there is no theory available to quantitatively describe the binding of the DNA base pairs in an aqueous medium. Comparison of melting experiments on short DS-DNA stretches to thermodynamical models including interactions between up to second neighbor base pairs have allowed an estimation of the binding energies between the DNA bases ͓20,21͔. However, a direct application of these energies to our experimental configuration is not justified because melting is driven by fluctuations and therefore strongly depends on the conformations of the free single stranded ends. In our experiment the single strands are under tension. We therefore expect that the only significant entropic energy contribution arises from the rearrangement of the bases after rupture. For the energy E pair corresponding to opening the base pair of index , we simply write E pair ()ϭE G-C if the index corresponds to a G-C pair and E pair ()ϭE A-T if corresponds to an A-T pair. E G-C and E A-T are treated as fitting parameters as described further below. The potential energy E DNA is then given by
Notice that in this model, different base sequences may have the same potential energy E DNA ( j) because interactions between neighboring base pairs are neglected. This means, in particular, that an A-T pair is considered to be equivalent to a T-A one and the same holds for the G-C and C-G pairs. The second energy, called E ext , is the elastic energy stored in the extended single strands. Force versus extension curves of SS-DNA have been measured by Smith, Cui, and Bustamante ͓8͔. Their data are described by the expression
It relates the total polymer length ␦ ͑or the length z per base͒ to the applied force F in the frame of a freely jointed chain ͑FJC͒ model, containing an entropic ͑coth term͒ and a stretching (F/S term͒ contribution. Equation ͑4͒ contains three parameters: the contour length L SS of a DNA single strand with j max bases, the Kuhn length b ͑which in the FJC model is equal to half the persistence length͒, and the stretch modulus S. The elastic energy E ext ( j,␦) corresponding to a single strand of j bases, extended by the force F to a length ␦, is obtained from Eq. ͑4͒ by numerical inversion and analytical partial integration:
The extension of the DS-linker arm can be neglected under the present experimental conditions. Regarding the configuration represented schematically in Fig. 1 , we see that the system attached to the opening fork corresponds to a serial arrangement of four springs: the DS-DNA linker arm, the left SS-DNA, the right SS-DNA, and the force lever. The total stiffness k tot of this arrangement is given by the harmonic average k tot Ϫ1 ϭ ͚k i Ϫ1 of the stiffness values k i of the individual springs. The DS-linker arm is much stiffer than the microneedle and, with the exception of the first part of the opening where the single strands are still short, it is also stiff compared to the single stranded parts. This is seen by taking the local stiffness of DS-DNA at the opening force from the literature ͓7,9,10͔. For a force variation of about 1 pN in amplitude around a mean value of 13 pN corresponding to our opening experiment, we thus obtain a variation in the extension of the DS-linker arm of below 0.1 m. The corresponding change in the lever deflection is 1.2 m and the corresponding fluctuation in the total length of the two single strands is 1.9 m for the nearly fully opened case ͑total single strand length of about 45 m). The total stiffness, which controls the effect of elasticity on the opening fork, is therefore only weakly influenced by the DS-linker arm. As an experimental confirmation of this fact, we observe no significant difference between measurements performed with linker arms of different length ͑one -DNA molecule compared to two DNA in series͒. The third energy, called E lev , is the elastic energy of the lever:
The lever deflection x is given by the difference between the sample displacement x 0 and the sum of the length ␦ 1 of the single strand attached to the microscope slide and the length ␦ 2 of the single strand attached to the bead.
The fourth energy is the thermal energy kT. Its most important effect arises from the fact that it directly enters the statistical weight in the calculation of the thermal averages in the canonical ensemble ͓see Eq. ͑7͔͒. In addition, the force versus extension relation Eq. ͑4͒ exhibits a small temperature dependence. Finally the phenomenological parameters E G-C and E A-T of Eq. ͑3͒ are temperature dependent through their entropic part mentioned above. In this article we do not consider effects of temperature variations and assume a temperature of 300 K, i.e., kTϭ25 meV.
The thermal average of an obvservable A is calculated by the expression
with the total energy given by
͑8͒
At given x 0 and j, Eq. ͑8͒ exhibits a minimum at the position
͑9͒
The force value F 0 is given by the implicit expression
which is easily solved numerically. A quadratic development of Eq. ͑8͒ with respect to ␦ 1 and ␦ 2 allows us to analytically perform the integrations over ␦ 1 and ␦ 2 by extending the integration interval to ϯϱ in Eq. ͑7͒. The discrete summation over j is done numerically. Any dependence of the total energy on a velocity coordinate has been neglected. In particular, no viscous friction of the lever is included in the model. We have estimated the corresponding forces and found that they are negligible for the small displacement velocities used in the measurements. The rotation of the double helical part of the DNA to be opened and couplings between torsion and linear elasticity are also not considered. As explained above, the elasticity of the molecular construction mainly arises from the single stranded parts. A single strand can, however, easily rotate around the single bonds connecting the sugar and phosphate groups of the covalent DNA backbone. Therefore we do not expect that a significant torsion develops. The central as-sumption of thermal equilibrium will be discussed further below, in the context of Fig. 7 and in Sec. V.
Our theoretical description contains five parameters, the contour length L SS , Kuhn length b, and stretch modulus S of the SS-DNA ͓Eq. ͑4͔͒ and the binding energies E G-C and E A-T of the base pairs. The parameters are not really independent: the set L SS ϭ30 m, bϭ1.5 nm, Sϭ800 pN, E G-C ϭ2.9kT, E A-T ϭ1.3kT ͑set A) describes our data equally well as the set L SS ϭ27 m, bϭ2.7 nm, S ϭ800 pN, E G-C ϭ3.2kT, E A-T ϭ1.6kT ͑set B). The theoretical results presented in this article are obtained with the parameter set A. The fit values reported by Smith et al. for the elasticity of SS-DNA under their experimental conditions are L SS ϭ27 m, bϭ1.5 nm, Sϭ800 pN. Our E G-C and E A-T values are in the range of the free energy parameters ⌬G reported in the literature for the separation of DNA base pairs ͑see ͓20,21͔, and references therein͒. They are smaller than the corresponding enthalpy parameters ⌬H. On the other hand, AFM measurements of rupture forces of different ligand receptor pairs have been found to correlate better with the ⌬H than with the ⌬G parameter ͓15͔. We attribute the difference to the fact that for bond breaking the entropic contribution corresponding to the rearrangement of the binding partners may occur after rupture and the associated detachment of the lever, while our measurement is sensitive to this contribution as the lever remains connected during the progressive rupture of the base pairs. After breaking the bond there is a sudden separation event with subsequent energy dissipation in the AFM experiments, while in our case the measured force may be seen as an average over the configurations explored by the breathing opening fork.
In Fig. 5 calculated thermal averages of the deflection force F and of the number of opened base pairs j are presented as a function of the sample displacement x 0 . Since the amplitude of the force variation during the opening is small with respect to the average opening force, the total single strand length l 0 liberated by opening one base pair is roughly constant. At the average force level of about 13 pN measured during the DNA opening, we have l 0 ϭ2␦(F)Х0.95 nm from Eq. ͑4͒. In this global frame, the average number of opened base pairs ͗ j͘ increases linearly with increasing displacement: ͗ j͘ϭx 0 /l 0 . The order of magnitude of the force required to open DNA is related to the energy parameters by Fϭ͓E pair ϩ2E ext (1,l 0 /2)͔/l 0 . With E pair ϭ2.1kT ͑average binding energy of a base pair assuming a G-C content of 0.5͒ and E ext (1,l 0 /2)Х0.5kT ͑elastic energy necessary to stretch the single strand segment corresponding to one liberated base, up to the length l 0 /2) we obtain the measured level of FХ13 pN.
At a finer scale, as shown in Fig. 5 , the thermal average ͗ j͘ does not increase linearly with x 0 , but rather as a succession of quasisteps and plateaus. A quasistep in ͗ j͘ corresponds to a decrease in the deflection force ͗F͘ϭk lev ͗x͘ and a sharp peak in the variances varj and varF. On a quasiplateau in ͗ j͘ the force ͗F͘ increases almost linearly and the variances varj and varF are small. This represents a stickslip dynamics at the molecular level ͓18͔. It is considered in the following section. At the top of Fig. 5 we present the normalized correlation ͑as defined in the caption͒ between the lengths of the two single strands ␦ 1 and ␦ 2 . In the regions of high variance in j ͑slip phases͒, this correlation function approaches one, indicating almost complete correlation. In this case, the fluctuations in the position of the opening fork dominate and lead to an in-phase fluctuation in the lengths of the two liberated single strands. In regions of low variance in j ͑stick phases͒, the normalized correlation is negative. This is readily understood in a simplified picture where we assume an entirely blocked opening fork. There thermal fluctuations are important, for which, avoiding a sizable change in the lever deflection, one of the two strands increases in length and the other one decreases accordingly. This gives rise to an anticorrelation. The deviations of the correlation function from zero show that it is important to consider the thermal fluctuations in ␦ 1 and ␦ 2 independently in the theoretical description.
There are two earlier theoretical studies of the force signals expected upon mechanical separation of the two strands of the DNA double helix in configurations similar to our experiment ͓28,29͔. In both cases, the authors assumed only a simple sinusoidal modulation of the binding energy ͑the energy E DNA in our notation͒ at the scale of one base pair. They concluded that the force measurement will not allow one to resolve the opening of an individual base pair and did not predict the process of molecular stick slip. In contrast to the earlier work, we consider a complex sequence of base pairs combined with the elasticity of the single strands and the thermal fluctuations. The intermediate scale variations in the G-C content are important; they are at the origin of the molecular stick-slip motion. 
IV. MOLECULAR STICK SLIP
In this section we first present the experimental manifestations of the molecular stick-slip motion, then show how it is related to the sequence of the base pairs, and finally illustrate the essence of this process in a simple analytical model.
In the bottom of Fig. 6 , a measured force curve (E1) is shown for a relatively narrow range of sample displacement x 0 . It corresponds to opening the double helix from a base index of about 25 000 to about 34 000. On this scale, a sawtoothlike shape of the structures in the measured force signal becomes apparent. Let us assume for the sake of simplicity that the opening fork is fully blocked at a given position on the base sequence. A further increase ⌬x 0 in the sample displacement then induces a linear rise in the deflection force: ⌬Fϭ⌬x 0 k eff . The effective stiffness k eff is the harmonic average of the local stiffness k SS of the two single strands in series at the opening force and of the lever stiffness k lev : k eff Ϫ1 ϭk SS Ϫ1 ϩk lev Ϫ1 . From the measurement of the extension of SS-DNA by Smith et al. ͓8͔ , we obtain k SS Х1.6 pN/m for a strand length corresponding to x 0 ϭ36 m. With the calibrated k lev of 1.7 pN/m we thus estimate for the slope of the rising part of the sawtooth a value of ⌬F/⌬x 0 Х0.8 pN/m. This value is close to the slopes observed on the E1 curve of Fig. 6 .
We have prepared a second molecular construction where the DNA to be opened is incorporated with the base sequence in reversed order. In the presentation of Fig. 1 , this corresponds to exchanging the top ends of the center DNA by the bottom ends. This construction allows us to open the same base sequence in opposite sense, i.e., opening proceeds from base index 48 502 down to 1. The curve E2 has been measured on such a reversed construction. It is plotted with a reversed horizontal axis. In this presentation, a given value of displacement corresponds on average to the same region on the sequence for the E1 and the E2 curve. At the scale of Fig. 6 , the E1 and E2 curves are different. The force signal thus depends on the direction of the mechanical opening, while only the gross variations are simply given by an average over the G-C versus A-T content of the DNA. The theoretical curves T1 and T2 show the same characteristic dependence on the direction of the opening and a reasonable agreement is obtained between the measured and the calculated force signals.
The two curves at the top left show the calculated average position of the opening fork on the base sequence for displacement between 32 and 37 m ͑the gray line corresponds to E1, T1 and the dark line to E2, T2). They allow us to associate the different structures of the force signals to the average G-C content of the molecule presented on the top right. The other way around, Fig. 6 shows how a variation in the sequence of base pairs induces quasiblocking or rapid advancement of the opening fork, corresponding, respectively, to a gradual rise or a sudden drop in the force versus displacement curve. We notice that the described molecular stick-slip motion is accounted for by the theoretical description based on the assumption of thermal equilibrium. In this respect it fundamentally differs from macroscopic stick-slip processes, where the slip events proceed far from equilibrium and are accompanied by energy dissipation. The relation between the molecular stick-slip and the macroscopic stick-slip motion is further discussed in Sec. V.
To give a more intuitive picture for the physics of the molecular stick-slip process, we theoretically consider a sequence of E pair values which exhibits an energy step of height ⌬ at the base pair of index jϭ j step and is constant elsewhere.
The upper ͑lower͒ sign corresponds to an ascending ͑de-scending͒ step in E pair , in the sense of increasing j. Neglecting the elasticity of the single strands, the total energy E tot reads ͓see Eq. ͑8͔͒
In analogy to Eq. ͑4͒, z 0 presents the length per base of the single strands (z 0 ϭL SS / j max , without SS elasticity͒. Equa- tion ͑12͒ simply describes segments of quadratic parabola for E tot as a function of j, with minima at the positions
͑13͒
In a less compact but more explicit form this equation reads
if jϾ j step .
͑14͒
The curvature at the minimum is always given by 2k lev z 0 2 , independently of j and the sense of the step. In Fig. 7 , we have plotted a series of the E tot versus j curves (x 0 increases linearly from A to E). In the case of an ascending step ͓gray curves, upper signs in Eqs. ͑11͒ and ͑12͔͒, the minimum reaches the step position from the left (A to B), stays there for a while (B to C, C to D), before it moves further (D to E). In the case of a descending step ͓black curves, lower signs in Eqs. ͑11͒ and ͑12͔͒, the minimum approaches the step from the left (A to B, B to C), but before it reaches the step a second local minimum appears at the right (C). Further increasing x 0 , the latter becomes the total minimum of the curve (C to D, D to E). The described variation of the minimum corresponds to the change in the position of the opening fork in the zero temperature limit. In Fig. 8 , top curve, this variation is directly plotted as a function of x 0 . The bottom curve gives the corresponding lever deflections xϭx 0 Ϫ2 jz 0 for the ascending ͑gray curve͒ and the descending ͑black curve͒ step. We recognize the characteristic features of the stick-slip process, namely, the continuous rise of the deflection when the opening fork approaches an ascending step in the energy landscape and a sudden drop in the deflection when the opening fork passes a descending step.
At nonzero temperature, the opening fork explores the potentials shown in Fig. 7 , roughly to an energy of the order of kT above the total minimum. In case C, descending step, these thermal fluctuations are particularly important: the variance in j presents a peak and the average position of the opening fork is given by ͗ j͘ϭ j step . An important consequence of the thermal motion within the microscopic energy landscape is that the described process of molecular stick slip is deterministic and reversible. The thermal motion is also necessary to assure that the system can always reach the region of the total energy minimum in the parameter space. With increasing displacement velocity in the measurements, this requirement is expected to be increasingly difficult to fulfill within the relevant experimental time scale. We therefore expect a systematic deviation from the equilibrium result, similar to the one observed experimentally ͑see Fig. 3͒ . In this context, we like to remember that the present theoretical description neglects the dynamics associated to the rotation of the double stranded part occurring as the double helix is pulled open. As the displacement velocity increases, this rotation and also the viscous friction of the lever are expected to become increasingly important.
V. DISCUSSION
Our configuration for the unzippering of DNA by a mechanical constraint applied to the two single strands of the double helix qualitatively differs from the configurations encountered in usual force measurements on the rupture of molecular bonds. In the former case, the molecular system remains attached to the measurement device and an equilibrium deflection is obtained by the thermal breathing of the opening fork which involves opening and reclosing of several base pairings. In the latter case, the mechanical force drives the system from an equilibrium bound state, through a FIG. 7 . E tot versus j curves, according to Eq. ͑12͒ for a sample displacement x 0 which homogeneously increases from bottom to top. The gray ͑dark͒ curves correspond to the case of an ascending ͑descending͒ step for opening in the direction of increasing base index j. The curves for different x 0 are shifted vertically for clarity.
FIG. 8. Top: dependence of the total minimum of the E tot versus j curves on the displacement x 0 . Bottom: corresponding lever deflection given by xϭx 0 Ϫ2z 0 j. As in Fig. 7 , the gray lines correspond to an ascending, the dark lines to a descending step.
succession of intermediated states, to a final state where the force lever is disconnected from part of the system, the bond is broken, and the two separated parts have relaxed independently. This process can pass through different sets of intermediate states, which leads to a statistical distribution of the measured rupture force. The average of this distribution typically increases with the velocity used to break the bond ͓22,23͔. This situation is commonly described by molecular dynamics calculations which, at the present stage, however, are limited to time scales which are a few orders of magnitude shorter than the experimental time scale.
Closer to our configuration of DNA unzippering are the recent experiments on stretching of single titin molecules ͓11-13͔. At large extensions, the restoring force of this large muscle protein exhibits a sawtoothlike pattern which has been attributed to the unfolding of individual immunoglobulin domains. Relaxation of the applied force allows one to refold the molecule, similar to the reassociation of the single strands in the case of DNA unzippering. The force required to unfold a single domain is found to increase from about 130 pN to 180 pN when the pulling speed is increased from about 10 nm/s to 500 nm/s ͓11͔. In our experiment, no comparable change in the force signals is observed for a very similar variation in the displacement velocity ͑Fig. 2͒. This difference can be associated to the fact that the energy barrier beween a folded and an unfolded domain in the titin molecule is too large to allow for a temperature induced transition. It appears therefore that the measurements on titin are intermediate between the measurements of bond breaking and DNA unzippering: the system remains attached to the force lever and several cycles of unfolding and refolding are possible, but the process of domain unfolding is still far from equilibrium.
Stick slip is commonly observed at the macroscopic level in dry solid friction. This type of behavior has been related to both the elasticity ͑distributed in the system or localized in the test machine͒, and the physics of the population of random contact spots between the two solids. Stick slip has the following characteristics. In a first phase, when a constant displacement is imposed via, e.g., an elastic test machine, the two solids have only a little displacement with respect to each other and elastic energy is accumulated. In a second phase, there is a sudden fast sliding with energy dissipation. Afterwards the cycle resumes. Stick slip has been shown to be a very generic phenomenon, occurring between dry solids from the size of a few micrometers with micromechanics up to hundreds of kilometers with earthquakes. Known characteristics of the macroscopic stick-slip process are ͑i͒ it is strongly velocity dependent, ͑ii͒ it is more or less regular if there is enough averaging ͑many similar contact spots at any given time͒, ͑iii͒ the interface is usually two dimensional, ͑iv͒ the process is dissipative in essence, and ͑v͒ the dynamics at very low velocity ͑below m/s) has been shown to be related to the irreversible creep of the many localized contact spots ͑i.e., at a given loading, there is a time-dependent behavior͒. For the macroscopic stick slip, the reader is referred to ͓24-27͔, and references therein. The molecular situation is completely different, as the molecular stick slip appears to be satisfactorily described in an equilibrium model. The process is ͑i͒ one dimensional and related to the sequential exploration of the fixed ''random'' potential landscape created by the complex sequence of the bases along the opening, ͑ii͒ it is related to the elastic nature of the system, ͑iii͒ the force signal is reversible, and ͑iv͒ thermal motion permits an approach to equilibrium.
VI. CONCLUSIONS
Separation of the two strands of a DNA double helix has been achieved by pulling the strands mechanically apart with forces in the range of 10-15 pN. The force measured during the progressive opening of the double helix shows a rapid variation with an amplitude of about 2 pN, which is reproducible to a high degree of detail, both between two measurements performed on the same molecule and between measurements performed on different molecules with the same sequence of base pairs. A theoretical description based on equilibrium statistical physics allows us to relate the force signal to the genomic sequence of the DNA and reproduces the average level and amplitude of the measured force variations. Characteristic sawtoothlike structures appear in the force curves which we associate to a stick-slip motion of the opening fork. In contrast to the classical stick-slip motion, occurring in solid friction, this molecular stick-slip process is reproducible and deterministic. The measured dependence of the force signal on the velocity of the imposed sample displacement indicates that we deal with a close to equilibrium situation. Indeed, a reasonable agreement is obtained between the measurements at low displacement velocity and the calculations based on the assumption of thermal equilibrium.
